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lhe System and Controls Laboratory w a s  s tar ted 
i n  1964 t o  encourage graduate research and. develop- 
ment on engineering systems, w i t h  emphasis on i m -  
proving the mderstanding of basic elements and de- 
vices and bridging the gap between theory and prac- 
t icc .  lhe experimental equipment and f a c i l i t i e s  of 
t h i s  laboratory have been provided for  carrying out 
experimental investigations on devices and systems in-  
volving many of the different engineering disciplines. 
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new engineering systems. Signal Noise i n  Pure Fluid Amplifiers 
J.C. Tamulis 
8uch of the work involves mathematical and ccnn- 
o r  devices, 
p l i sh  a useful synthesis of analytical  and experhen- 
A major goal of th i s  work is t o  accom- la t ion of a program. 
b u i l t  and instruments and equipment are being acquired. 
Some apparatus has already been 
tal  methods i n  research and development of advanced 
engineering systems for  effective use by engineers 
and scientists working on future aerospace systems. 
Financial support for  this program is derived 
from the Lhiversity, The National Aeronautics and 
Space Administration, The United Aircraft Corporation, 
and the Bendix Corporation. A major sham of the 
projects i n  the Systems and Controls Laboratory are 
carr ied out by graduate assistants and junior s ta f f  
menbers under the supervision of  Dr. J.L. Shearer, 
Rockwell Professor of Engineering, and other members 
of the graduate faculty. 
lheore t ical 
t o  the area of study has been compiled. 
review of Uiese papers has been s tar ted,  beginning 
aerodynamic noise (1,2) *. 
order to describe ful ly  a control voluine basic to  the 
noise problem. In Fig. 1 a blocked load receiver 
port  i s  represented. 
t ion of P(x,y,t) a t  Section 3. Roughly, the approach 
is to  determine P(x,y,t) a t  Section 2 as a function of 
P(x,y,t), V(x,y,t) a t  1, and tile mixing processes i n  
the volume from 1 t o  2 .  The pressure a t  2 is then 
assumed t o  be propagated t o  3 through a wave guide. 
lhrough analysis and measurement, a description of 
the pressure a t  3 is being sought as a function of 
wave number (k,y) and frequency ( f ) .  
* Numbers in Darentheses denote references a t  end 
A, An extensive bibliography of papers re la t ive 
An ordered 
with a study of M.J. Lighthil l 's  basic theory on & 
?his theory is needed i n  
What is desired is a descrip- 
------I-------------------- 
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r, 
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Fig. 1 Basic Control Volw 
B. The methods of determining sampling errors 
i n  correlation functions obtained from experimental 
data has been investigated (3 ,4) .  We need for  such 
knowledge is based on the f ac t  that  the flow f ie lds  
under consideration are turbulent (random i n  nature) 
and that the relationships between signal noise a t  
the receiver ports and noise a t  the control and/or 
supply ports w i l l  be investigated using correlation 
techniques. While an analytical expression for the 
noise function is probably impractical, the corre- 
la t ion functions offer a way of studying the inter  
action of random processes that i s  possible t o  
determine experimentally, 
accuracy of these experimentally determined functions 
is of c r i t i c a l  importance. 
t o  the stage where accuracy can be detenined once 
the proposed digi ta l  data processing system (de- 
scribed below) has been procured. 
A knowledge of the 
Progress i n  this  area is 
.i 
, 
Experimental - t  
A. ?ko large-scale f lu id  amplifiers have been 
assembled. Wese amplifiers are large enough t o  
accept existing pfessure transducers and anemomter 
probes. A t  present one DISA constant temperature ane 
mometer is available. Wo additional anemomters and 
a correlator have been ordered, With this new equip- 
ment, spa t i a l  correlation functions for  the velocity 
f i e ld  wilr oe obtainable, One of these amplifiers is 
shown i n  Fig. 2.  
Fig. 2 Large-Scale Fluid Amplifier 
B. An air  supply compatible with the input 
Ihe excess flow w i l l  be spi ' l ld.  
impedance of the large-scale f luid amplifiers has 
been arranged. 
of 485 cfm a t  3 psig. 
R e  supply is a b o t s  Blower capable 
Pressure 
Transducer 
X / d -  
c 
Fig. 3 Free Jet Single Receiver 
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off or used to  run several amplifiers i n  simultaneoa 
experiments. 
amplifier w i l l  be the resul t  of many interacting fac- 
to r s ,  a simpler test apparatus is being designed that  
is expected t o  i so l a t e  some of the controlling vari-  
ables, 
lhe apparatus now being designed is shown i n  F i g  
3. With th i s  apparatus, the relations for  signal 
noise due t o  a two-dimensional, free turbulent j e t  im- 
pinging on a blocked-load receiver w i l l  be investi- 
gated. As the study progresses, the influence of 
amplifier geometry and control ports can be studied. 
Since the noise i n  a working f luid 
I 
Pressure 
Transducers 
Results from these experiments w i l l  always be inter-  
preted with respect to results obtained from a com- 
plete large-scale working f lu id  amplifier, 
e a r l i e r  is a general purpose system which is being 
planned as research equipment for the Deparment of 
hkchanical Engineering. A proposal has been sub- 
mitted to  the National Science Foundation for  funding 
the acquisition of t h i s  equipment. Fig. 4 represents 
the proposed data acquisition system, The analog 
signals w i l l  be obtained from an experimental set-up 
represented by Fig. 5.  
C. The digi ta l  data processing system mntioned 
. 
I I U n i t  
Apparatus 1L 1 
I Selected I 1 I I 
Input calibration Readout 
I 
(Data Processor) (Fluid Amplifier) hemometer - Equipment 
d 
D/A Converter 
(with Selection) 
i - 
Data 
-c t o  
Computer 
Center 
Fig. 4 Block Diagram of Proposed Data Acquisition System 
< 1 
, 
ivave Analyzer 
Fig.  5 Experimciital System 
6 . 
6 
- 4 -  
Electronic v Vp 
L - 5 Amplifier 
I Electropneumatic Pneumatic 
h c t i o n  
Generator 
Load Transducer 
D. A deep water-table has been b u i l t  i n  order 
t o  help i n  the study of f luid amplifiers. 
table is of doubtful help i n  determining the structure 
of signal noise, it is expected to  be of use i n  the 
f i n a l  stages of investigation, 
resultl. of s ignal  noise study is t o  find ways o f  
controlling noise by adjusting the overall  geometry 
While the 
One of the hoped-for 
r -.- 
F i q .  6 Photograph of IVater Table 
0 
d 
Power. 
of the device. 
characterist ics w i l l  be changed. The water-table 
w i l l  then be used t o  observe the changes introduced 
i n  t i e  overall  flow field.  Fig. 6depicts the water- 
table  which is 4' x 8' in  s ize ,  w i t h  a glass bottom 
and appropriate l ighting equipment t o  expedite 
photographic recording. 
Nhen t h i s  is done, other amplifier 
Pneumatic Signal Function Generator 
J.L. Shearer 
In connection with current and anticipated work 
i n  tlie Systems and Controls Laboratory on f luid con- 
trol  systems., there w i l l  be a consistent need f o r  
generating pnematic pressure sicgnnals such as sine 
waves, square waves, and randomly varying signals 
for  use i n  experimental investigations. In  order t o  
meet this need, a Master's thesis by blr. F.J. El la  
(5) w a s  recently completed which describes analyti- 
ca l  and experimental work on a closed loop electro- 
pneumatic function generator intended t o  produce 
pneumatic pressure signals from input voltage sisals 
generated by an electronic function generator. 
A schematic block diagram of the function 
generator which w a s  developed i n  breadboard f o m  is 
sham i n  Fig. 7 .  
Model l l l B F  wideband b C  amplifier and the sunning, 
different ia t ing,  and other amplifying operations 
were accomplisned through the use of Philbrick P65A 
operational amplifiers. Dynisco TCPT 25-50 pressure 
transducers were used t o  obtain electrical feedback 
signals representing tne load pressures, A specially 
modified flapper-nozzle p i l o t  stage of a Ncog servo- 
valve w a s  used as the electropneumatic transducer. 
This system is unique i n  that  it is capable of 
developing balanced push-pull signals to drive dual 
input devices, and it is capable of  generating 
pneumatic signals a t  considerably higher frequencies 
than could be achieved w i t h  previously developed 
systems, \hen the pnematic capacitance i n  the load 
is l imited to a v o ~ m  of 0.1 i ~ 3 ,  it is capable 
The power amplifier w a s  a Kintel 
r 
I I I 
Press re P 
1 
oscilloscope 
Fig. 7 Schematic Block Diagram of  Pneumatic Signal Function Generator 
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of generating s ingle  sinusoudal pressure signals 
w i t h  amplitudes of t2.5 p s i  a t  a l l  frequencies 
up to 500 cps, and it can generate square waves with 
amplitudes of f2 .5  p s i  a t  a l l  frequencies up to 
100 cps, 
shws  the pneumatic output signal for  a triangular 
wave f o n  electric input signal a t  250 cps. 
being b u i l t  fo r  general purpose tes t ing and research 
on f lu id  control system in  the Systems and Controls 
Laboratory. 
"he oscilloscope trace shown i n  Fig. 8. 
An engineering prototype of this system is m 
Upper Trace v volts 
lower Trace Pa lb/ in2 
Fig.8 Generation of a Triangular 
Waveform at 250 cps. 
Fluid Stepping Motors 
With the development of d ig i t a l  and hybrid 
digital-analog control system of various kinds, a 
need has developed also for  output actuators which 
deliver discrete steps of output rmtion i n  accordance 
with discrete input signals. 
t r ic s tepping  motors have been used w i t h  good suc- 
cess. 
able t o  deliver only small amounts of power. 
higher pwer  levels i t  appears List f l - d d  stepping 
motors w i l l  be required. 
f h i d  cogtrol system my rqiuim very low power 
level f luid stepping motors as output actuators. 
and Controls Laboratory on both hydraulic and 
pneunatic stepping motors. Different approaches 
are being used fo r  these two devices, due largely t o  
the disparity of power levels involved. 
hydraulic stepper is being investigated for higher 
pawer level applications, and the pnematic stepper 
is of primary interest  for  lower power level appli- 
cations. 
In some systems, elec- 
Tnese motors are mostly very small and are 
A t  
Also, newly developed a l l -  
Therefore, work is now underway in the Systems 
The 
In both cases, units are being developed which 
w i l l  respond t o  coded pulse-type signals traveling 
down a single transmission l ine i n  such a wav that 
incremental outputs can be conmanded i n  either 
direction of the output shaft. 
A Pneunatic Stepping Motor 
RP. Martin 
One of the steppers under development is a 
Desirable features of a Pneumatic Stepping MDtor 
pneumatic, rotary-output device designated the PSM. 
#ere detenined during early phases of the study, 
Pneumatic Stepping Motor should, as a minimum: 
1. Move i n  the proper direction 
2. Move the same nmber of degrees each time 
3. stay i n  the proper position after each move 
4. Move every time a signal is provided 
A 
Many types and combinations of mechanisms, 
actuators, and locking or detent devices were cm- 
sidered and studied. 
sized, one which seemed t o  hold par t icular  promise 
w a s  selected. 
menting the basic concept were studied by means of 
preliminary design layouts, calculations, and 
evaluation based on engineering judgment, 
selection of a basic reversible double ratchet-pawl 
configuration, the detail  design of a prototype 
Pneumatic Stepping Motor w a s  begun. 
phase of the design, many modifications were incor- 
porated t o  make the prototype easier  t o  fabricate, 
assemble, test, and modify. 
prototype have been fabricated and i n i t i a l  modifi- 
cations nave been made. 
From tne many concepts synthe- 
Several different configurations fo r  imple- 
After 
During th i s  
'Ihe parts for  the 
?he unit is sham i n  Fig. 9. 
Fig.  9 Photograph of Pneumatic Stepping Motor 
On:: unique feature of t h i s  device is the use of 
flexible bags instead of bellows for accomplishing 
the conversion of pressure pulses to  movement of the 
pawl carr ier ,  
was completed and while parts were being made, the 
When the basic design e f fo r t  for the prototype 
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i n i t i a l  plans fo r  testing were formulated. 
came evident that  a pnematic pulse generator would 
be essent ia l  fo r  many phases of testing. 
methods of making a pulse generator were considered. 
Selection of me method was  made, and design and 
fabrication of the basic pulse generator has been 
completed. 
The development t e s t  phase has j u s t  been 
ini t ia ted,  The test program w i l l  have as its 
primary goals the detemination of the problem areas 
and their  solution, capabili t ies,  operating charac- 
teristics and some indication of the future potential  
of the Pneumatic Stepping Motor. The detai ls  of the 
test program w i l l  be governed by time and money 
limitations but w i l l  be guided primarily by the 
perfonance of the prototype unit  influenced by the 
development of test f ac i l i t i e s  and equipment. 
hoped that a pneunatic function generator, based on 
a Master's thesis  by F.J. Elia (S, can b t  adjusted 
t o  supply input signals. 
I n i t i a l  tes t ing a t  reduced pressure levels and 
moderate speeds has begun. The pulse generator has 
operated sat isfactor i ly  although much work remains 
i f  optimum performance is desired. The performance 
of the prototype unit  has been p r a i s i n g ,  but the 
tes t ing is i n  the very early stages, 
i n  Mechanical Engineering, is being supported by 
NASA Grant NGR 39-009-023. 
I t  be- 
Several 
I t  is 
?his work, which is part  of a Master's thesis 
A Hydraulic Stepping b t o r  
D.L. FQpert 
Another project has involved a computer-aided 
investigation of a unique mechanism which has been 
proposed for use i n  a hydraulic stepper designated 
the HSM. 
pulses coded for  fomard and reverse motion as shown 
i n  Fig. 10. 
The basic mechanism chosen for t h i s  study is 
shown schematically in  Fig. 11. A piston o r  bellows, 
depending on whether or not a hexmetically sealed 
f luid system is desired, is used to obtain a recip- 
rocating l inear movement f r m  the input hydraulic 
pressure signal,  
*Y direction, where'X and Y are coordinate axes 
fixed i n  space as sham on the figure. 
supported by frictionless ro l l e r  guides and is free 
t o  move i n  the *Y direction only, Referring t o  
Fig.  1 2 ,  it is attached to a damper and a spring, 
which is loaded i n  compression to  balance the piston 
(bellows) force resulting from the steady s t a t e  
pressure c q n e n t ,  P , 
excursions from th i s  Steady s t a t e  value would tend t o  
change the position of the piston (bellows) from its 
steady s t a t e  position, 
The purpose of the cam groove is to produce a 
net  increment of linear or rotary output movement 
from the reciprocating motion of the cam. Using a 
shape of the cam pmfi le ,  Yr - Fo(X,I,, which 
generally resenbles that of a single cycle of a sine 
wave or similar doublet of pulses, and assuming that  
the cam follower pin is free to  move only i n  the *X 
direction, the cam follower pin w i l l  move between 
incremental positions of progressively increasing or 
The input pressure signal consists of pressure 
This is used to drive a cam i n  the 
The cam is 
Iherefore, only pressure 
t 
Fig. 10a Forward Motion Pressure Signal 
. t  
Fig. 10b Reverse Motion Pressure S i w l  
C r  
Fig. 11 Stepping Motor Schematic Diagram 
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Fig. 1 2  Cam Assembly 
decreasing valuas of X, depending on the sign of the 
input pressure signal. The combined momntun of the 
cam follower, gear t ra in  ( i f  used), and the load m u s t  
be great enough to  carry the follower past the p i n t s  
on the cam prof i le  where X r  = *.Y- . Coordinate 
as shown on Fig.13. 
and Yr t o  depict re la t ive motion between the 
the p m  are fixed on the reciprocating cam 
Y 
X 
Fig. 13 Cam Groove Profile 
The cam profi le  may be chosen so tha t  the slope 
i n  the region corresponding to  the steady-state 
position of the stepper is very large. 'Ihis would 
pennit high s t a r t i n g  torque for  loads w i t h  coulomb 
f r ic t ion  and/or large iner t ia  and high resistan- 
to load effects  i n  the steady-state position. I f  the 
cam slope were inf in i te  a t  its steady-state position, 
camplete locking of  the load would be attained a t  the 
incremental steady-state output positions. 
lhis investigation w a s  concerned with a hy- 
draulic stepping motor having a m a x i m  time-averaged 
power output of 2 horsepower and a tim-varying 
driving force, G = PA, whose period is 0.01 seconds 
per cycle, 'Ihe output is rotary with an incremental 
I m n 
r 
Fig. 1 4  Analog Computer Block Diagram of HSM 
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step angle of 2 degrees. 
the geometry of cam and follower hardware while 
keeping the overall size of the un i t  a t  a minimm, 
a gear train with a 1 O : l  ra t io  was  used betwoan 
rotor and load. 'his has a desirable secondary re- 
s u l t  of reducing the effect  of load ine r t i a  changes 
by the square of t h i s  ra t io ,  i n  t h i s  case, by a fac- 
t o r  o f  100. For the purposes of t h i s  particular in-  
vestigation, the cam profile,  Y - F (X ), consisted 
of parabolas f i t t e d  together pigcewige fo form the 
conylete cycle shown in Fig. 13. 
The prime objective of t h i s  investigation has 
k e n  t,c! & t e d m  +m.ttitati~.dy t!!e x t ~ ~  cf +,e 
transient response of the proposed stepping motor 
and t o  deteldnine whether or not such a device would 
be feasible for  use i n  a practical  application. 
feasibi l i ty  of the device w a s  determined using such 
qualitative criteria as tolerance of the system t o  
changes i n  important parameters and system behavior 
with different i n i t i a l  conditions. 
lhe transient performance of the hydraulic 
stepping motor w a s  simulated by both electronic 
analog and d ig i t a l  computer solutions of the system 
different ia l  equations of motion. 
block diagram fo r  the analog computer solution. 
&plied Dynamics Canputer  i n  the Dynamic Simulation 
Laboratory is shown in Fig. 15 as it w a s  set up for  
t h i s  investigation, ' he  f l m  diagram for  the d ig i t a l  
computer solution is shown i n  Fig.  16. 
input data i n  both analog and d ig i t a l  ccmputers for  a 
given solution enabled the d ig i t a l  computer to verify 
the solution obtained from the analog computer, 
The operational tolerances of the simulated 
system were then observed by changing the magnitudes 
of the following system parameters, i n  which varia- 
tions are anticipated i n  practical  applications: 
driving force amplitude, A; load torque, T; moment- 
of-inertia,  J; spring constant, k; and viscous damp- 
ing constant, b 
In order to  acmodate  
?he 
Fig.  1 4  is the 
The 
Using the s a  
I n  addition, the driving force wave 
Y' 
form was changed from a sine wave t o  a square wave. 
'Finally, appropriate system i n i t i a l  conditions 
for the continuing p a i r  of driving force pulses i n  a 
ser ies  of repeated signals were used i n  a transient 
response simulation to determine whether the response 
for  the second pa i r  would d i f f e r  appreciably from the 
response to  the f i r s t  p a i r  of pulses. 
Both the analog and the d ig i t a l  computer solu- 
t ions provided a reasonably accurate indication of 
the nature of the system transient response by virtue 
of t h e i r  close agreement. Typical results of these 
SG?UtiG75 2re shcm in Fig. 17.  I%- ,,= :: a m e  is the 
desired output, The few deviations t h a t  existed i n  
the two solutions were due mainly t o  analog computer 
errors which could be isolated or due t o  ermrs re- 
sul t ing from limited dynamic response of the x-Y 
Recorder. 
The system proved t o  be quite tolerant to 
changes i n  the magnitudes of important parameters. 
I t  exhibited considerable f l ex ib i l i t y  i n  accamnodat- 
ing a w i d e  range of load moment-of-inertia and load 
torque values, suggesting a possible application t o  
spring loads, Further evidence of system f l ex ib i l i t y  
w a s  seen i n  its ab i l i t y  to operate with an impressed 
square wave driving force as well as a sine wave, 
suggesting that  intermediate wave fonns would also be 
satisfactory,  
n e  system transient response for the second 
driving force signal i n  a series of repeated signals 
w a s  approximately the same as that  for the f i r s t  
signal. 
peated signals would produce a system transient 
response similar t o  that produced by the f i r s t  signal. 
that the cam follower is mst l ikely the weakest 
l ink i n  the mechanism. In order t o  pennit minimum 
rotor diameter, cam profi le  amplitude, gear r a t io ,  
I t  w a s  therefore assumed tha t  further re- 
&sign considerations fo r  this device indicate 
Fig. 15 Photograph of Analog Computer Set-up for  HSM 
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Fig. 16 Digital Computer Flow Diagram for HSM 
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Fig. 17 Transient Response Results, Xr and Yr 
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and follcwer spaang, keeping the pin diameter a t  a 
minimm is a necessity. 
should be able to withstand the dynamic loads fo r  the 
desired power transmission. I t  is believed, however, 
that  strength requirements for  the follower can be 
met by judicious choice of system geometry and fol-  
lower material and design. 
7he configuration of the mechanism sham on 
Fig.11 w a s  selected i n  order that  the follawer re- 
action force a t  the rotor bearing would be radial ,  
In an alternate configuration, the cam profi le  could 
be mounted in a plane perpendicular to that of the 
rotor with the followers mmted  radially. 
arrangement, however, would involve a very d i f f i c u l t  
cm and follawer interface problem and an undesirable 
bearing load configuration. 
k f e r r i n g  again to Fig. 11, it would be quite 
possible t o  use a continuous cam profi le  fixed t o  the 
rotor end drive a pin in the Y direction with the 
piston o r  bellows. lhis would enable the osci l la t ing 
mass to  be reduced considerably. 
shown i n  Fig.11, hcwever, requires less machining, 
because only one cam profi le  cycle is used, 
motor a cam follower employing fr ic t ionless  bearings 
may be used. Lubrication diff icul t ies  are therefore 
anticipated i f  the stepper is to be operated i n  a 
hard vacunn. Specifically, these would affect  the 
rotor bearings, the cam guides, and the follower. 
Ulder these conditiois, h e m t i c a l l y  sealing the 
ent i re  system would be highly desirable. 
cluded that the proposed hydraulic stepping motor is 
feasible for  use i n  a practical  application such as 
a digital-controlled actuator for use in remte con- 
t r o l  and/or automatic control systems. 
'Ihis investigation is  described i n  greater 
de ta i l  in a Master's Thesis enti t led: "CaRputer 
Simulation of a Hydraulic Stepping Motor", being 
writ ten by Mr. David L. Ruppert for  the Department 
of &chanical Engineering. 
by NASA Grant NGR 39-009-023, and by a grant from 
T he American Machine and Foundry Co. 
Ihe f o l l w e r ,  however, 
' h i s  
Ihe configuration 
I t  is asswned that i n  constructing this stepping 
Considering the above discussion, it w a s  con- 
I t  was  supported i n  part  
Hysteretic Non-Linearities i n  
Closed Loop Control Systems 
RS. Raizada 
Hysteresis type of backlash and dead zone i n  a 
closed loop control system causes instabi l i ty  a t  
small signal levels which results i n  l i m i t  cycle 
oscil lations.  
cally and with phase plane techniques. 
put-output relationship for a hysteresis element 
shown i n  Fig.  18, the transfer function for a typical 
system shown i n  Fig. 19 can be written as: 
This i n s t a b i l i t y  w a s  studied analyti- 
For an in- 
e - 
1 + KG(s) 
I t  can be shown that the transfer function (1) 
can be recluced to: 
by introducing a switching logic network, N ( s ) ,  
e i the r  i n  series o r  paral le l  of the type, 
B N(s) = F* - 
IEI 
and the system can be restored to its fonner degree 
of s tabi l i ty .  'he problems i n  snythesis of N(s) were 
studied fo r  ser ies  and paral le l  correction techniques 
using logic theory and it w a s  shown that, in general, 
a ser ies  type of correction, Fig. ZO,wr~-lld result i n  
a simpler arrangement. 
Fig,  18 Hysteresis Characteristic 
kiysteres is 
I Feedback I 
Fig. 19 Typical Control System with Hysteresis 
The type of switching logic necessary to  syn- 
thesize the correction network, N(s),has been shown 
i n  Fig. 2 1  schematically. A second order system with 
a variable hysteresis i n  the e r ro r  path w a s  simu- 
la ted on an analog computer and it w a s  found that  the 
switching logic of the type shown i n  Fig. 2 1  restores 
the system s t ab i l i t y .  ?he effects  of over-correction 
arul mder-correction were studied and results f r m  
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Hysteresis 
1 Feedback - - 1 
Fig. 20 
i n  a Closed Loop System by I h n s  of a Switching Logic Network 
Series Correction of Instabi l i ty  h e  to Hysteresis 
analog sunulation were round to agree w i t h  the 
analysis, 
may be made to No. 6 in the List  of Keferences. 
For further detai ls  on t h i s  project, reference 
This work was supported by NASA Grant No, 
NGR 39-009-023. 
Input I-loV Output 
End End 
Fig. . 21  Schematic Electronic Circuit for  Correction 
of Hysteresis Type of Non-Linearity by Means of  a 
Switching Logic Network 
Qmamics of Fluid Transmission Lines 
R.S. Raizada 
m c s  of loaded f luid transmission l ines was 
studied by using a simplified l inear model, Special 
a t tent ion w a s  paid to  the problem of transmission of 
pulse signals i n  a f luid l i ne  using the Laplace 
transform tecnnique i n  conjunction with biellin's 
inversion theorem. A model is, however! also being 
developed fo r  the ktrix transfer function approach. 
I t  can be shown that  the Matrix transfer function 
can be reduced to: 
I Cosh r + ASinh r 
osh r + B sinh r 
P - 
Q Input 
where A .I 4 f .  
Zt 
Z being the characterist ic impedance for the l ine,  
afid Zt the terminal impedance a t  the load end, 
For a general case (1) can be rewritten as, 
In order t o  evaluate (21,  it is necessary to  
have some form of an expansion i n  a parer series or 
othelwise. Expandi~y Fl(s) and F2(s) eaui i n  a 
power series results i n  inclusion of fa lse  zeros o r  
poles, when tne series are truncated a f t e r  a f i n i t e  
number of t e n s ,  predicting instabi l i ty  wnereas 
instabi l i ty  may not occur i n  an actual system. Tnis 
diff icul ty  can be avoided by a Taylor series ex- 
pansion of F(s) - F ( s ) / F  (s), t ak ing  into account 
F (s) and F (s) s d l t a n e 6 u s l  . such an expansion i3 being s d d i e d r  its validity,  
especially where convergence may be a problem. 
. 
- 1 2  - 
Experimental High Performance Electric Servcmotor 
W l t h  b h  imm Weight and Size 
M.C. Justice 
Recently published analytical  studies (7 ,8)  
have revealed the possibil i ty of designing e l ec t r i c  
servomotors with greatly improved performance. 
thesis project is under way tcward providing a 
working model shell-type D C  motor fo r  e x p e r h n t a l  
verification of analytical predictions that inposed 
performance requirenmts of aerospace applications 
can be met. 
A l i t e r a tu rc  scar& for  further information 
(9,10,11,12) disclosed that  no experimental results 
have becn published on shell-type servomotors and 
that  arialytical results are limited. llowever, a 
v i s i t  with engineers of the General Electric Co. 
i n  Erie,  Pe~msylvania, revealed that  sane experi- 
mental work had been done on a snell-type servo- 
motor for industrial  use. 
' he  results of their limited investigations 
were encouraging and reinforced our belief that , we should move ahead with research on a high-perfonn- 
ance, low weight and small s i ze  device. Design 
studies have proceeded w i t h  their  recomnendations i n  
mind. 
'he analytical work referred to is for a shell-  
type motor, shown in Fig. 2 2 ,  consisting of an 
annature i n  the f o m  o t  a nollow she l l  which re- 
volves around a stationary ferromagnetic core. 
Field flux through the poles is provided by perma- 
nent magnets designed to produce a required f i e ld  
flux density a t  the air gaps. The most important 
performance parameter is the torque-squared-to- 
i ne r t i a  r a t io ,  o r  power rate ( 7 , 8 ) ,  and is given i n  
terms of heat transfer as w e l l  as electromagnetic 
phenomena in order t o  minimize the mass and ine r t i a  
of the mtor. 
A 
'Ihe planned experimental working model is shown 
schematically in Fig. 23. A detailed design, which is 
now under way, involves ccmsiderations of pennanent 
mgnet design, annature configuration, heat transfer,  
i n s t w n t a t i o n ,  and experimental testing of the 
device, Sane of the poss ib i l i t i e s  for  inproving heat 
transfer characterist ics are spray mist or i m r s i o n  
cooling, forced a i r  convection, choice of materials 
with high heat conductivity, provision of heat sinks, 
and good bearing design. A relatively s i q l e  arma- 
ture  design w i l l  be employed because of limited 
fabrication f a c i l i t i e s ,  but it w i l l  be designed fo r  
good electrical efficiency and low inertia. (hce the 
model is b u i l t ,  dynamic response characteristics and 
thermal transients w i l l  be investigated experimental- 
ly. Use of the d ig i t a l  computer is expected to 
I I 
Section A - A 
Fig ,  23 Schematic Diagram of the Planned Experimental D-c &tor 
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facilitate the evaluation of &si@ trade-offs and 
help to evolve a rational approach to the desi@ of 
devices of t h i s  kind. 
Lbe to a freqwnt  need among the Systems and 
Gmtmls group, a d ig i t a l  cmputer program w a s  devel- 
oped fo r  finding mots of polynomials, A literature 
survey revealed many available methods(l3,14) , none 
of which are t ruly general or foolproof, and an 
initial decision w a s  made to use the L i n - B a i r s t o w  
method. 
approximate set  of roots (a quadratic) nust be fed 
in to  the program and convergence t o  a true set of 
roots occurs only i f  the approximation is good e- 
nough, 
e f f i c i en t  program(l5), however, the present one is 
usually successful and has been applied to a number 
of problems including computation for root locus 
tabulations. 
The disadvantage of t h i s  method is that an 
- 
Future work is contemplated on a more 
?his work is being supported by NASA Grant 
Na. NGR 39-009-023, 
Fluid Amplifiers and Stabi l i ty  
A.K. S t i f f l e r  
?he major emphasis of this work is on ion- 
l inear s t a b i l i t y  i n  f luid amplifiers. As of now, 
solutions have not been outlined nor has the specific 
problem been well-defined. An e f fo r t  has been made 
toward these ends by a program of familiarization 
with analytical tools and the experimental investi- 
gation of the f lu id  amplifiers themselves. 
Analytical 
We are interested i r i  the f luid amplifier as a 
component i n  an engineering system. 
fundamental concept upon which system analysis i s  
based is the necessity to  describe the s t a t e  of each 
element i n  the system. A modem a p p r o a n  this 
problem involves the use of s t a t e  space techniques. 
'ho areas of its development are s t ab i l i t y  (Lyapunov) 
and optimal control. 
l i t e r a tu re  on Lyapunov's direct method of non-linear 
s t a b i l i t y  analysis (16,17,20). 
mnS have been explored i n  depth. 
applications of Lyapunov techniques t o  distributed 
parameter systems (21,22) were examined. Theoretical 
work here is very limited. 
need for  extended theory in the use of Lyapunov's 
general energy concept for  transient behavior pre- 
diction and f w  +he evaluation of ultimate desip. 
c r i t e r i a .  
theory has been carried out with emphasis on the use 
of classical methods of variational calculus. ?"ne 
use of variational methods is hampered by computa- 
t ional d i f f i cu l t i e s  and by its fai lure  to handle 
saturation constraints. 
close relationship of dvnamic programning, widely 
attr ibuted to  Bellman ( 2 8 )  and the m a x i m u n  principle 
of Pontriagin (27) which now makes it possible to 
solve a wider range of optimum control problem. 
?he f i r s t  
An extensive review has been made of the 
Most of the main theo- 
In particular,  
In addition, there is a 
A review of the current s t a t e  of optimal control 
Of special interest  is the 
Experimntal 
A laboratory program has been s tar ted to obtain 
a be t t e r  understanding of f luid amplifiers. This 
program has taken two directions. 
A, 
being made on the use of a f luid amplifier as a pres- 
sure sensor. 'Ihis includes, in particular,  the ef- 
f ec t  of a mean control port  pressure belaw the sink 
pressure on the f a r  side of the knife edge. 
amplifier designs, fabricated t o  our specifications 
by Corning Glass Works, Bradford, Pa., proved t o  be 
unsatisfactory because of input impedance problem 
and the la& of a center dmp between the receiver 
ports. An amplifier was  fabricated i n  our own labo- 
ratory t o  correct these d i f f i cu l t i e s  so  that experi- 
mental work now can be carried forward on determining 
operating characterist ics and preferred methods of 
measuring them. A photograph of this device is shown 
i n  Fig.24. A drawing of the prof i le  employed i n  this 
design is shown i n  Fig.25, 
Low pressure (0.2 t o  14.7 psia) studies are 
Some 
Fig. 24 Photograph of Experimental Fluid Pnplifier 
Fig. 25 Control Section of Fluid Amplifier 
B. Some of the Corning devices, as well as our 
own, have been s e t  up to  col lect  data on s t a t i c  in- 
put and output impedance characterist ics.  ?his in- 
cludes instrumentation and fabrication of sets of 
calibrated high flow f luid resistors.  
dynamic studies w i l l  follow with the a id  of a pneu- 
matic function generator which is being developed a- 
long the l ines of the breadboard system described in 
a recently completed Master's thesis by F.J. Elia,  
(5) . 'Ihis work on fluid amplifier pressure sensors 
Eventually, 
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is sponsored by tne Hanulton Standard Division of 
United Aircraft  Corporation, Hartford, Connecticut. h r i n g  the next period, a t r i p  is planned t o  
Any necessary chanzes o r  additions 
Bowles Engineering Co. to  investigate de ta i l s  of the 
f luid system. 
Tim-Delay a a r a c t e r i s t i c s  in 
Systems Employ ing Vortex Devices 
H.H. I lerr i t t  
lhe purpose of the project is to  investigate the 
effects  of dynamic response characterist ics of vortex 
devices cm overall  control system performance. 
A t  the beginning of the report period, th i s  
project w a s  just getting under way with a literatuxt! 
study of vortex amplifiers and other f lu id  devices 
t o  detexmine the pure-time delay character is t ic  of 
each. 
the study has been expended this period. 
w i l l  be completed during the next period. 
The majority of the e f f o r t  r e q ~ r e d  t o  complete 
lhe project 
w i l l  be' incorporated in to  the ccmiputer study, 
detai ls  and resul ts  of th i s  study w i l l  be writ ten up 
i n  a report t o  give the f lu id  control system prelim- 
inary design requirements and its performance during 
the coming period. 
blaster's thesis which w i l l  deal with techniques for 
inproving the response of system with dead times. 
This work is being done under Ekploratory and 
Foundational support from Penn State 's  Ordnance k- 
search Laboratory. 
The 
Some of th i s  information w i l l  be used i n  a 
Steam-To-Air Energy Converter 
R.T. Harper 
?he many potential  advantages i n  the use of high Work began with a l i t e ra ture  survey of f luid de- vices t o  determine the amount of pure time-delay 
information could be found and no information w a s  
available on the 
l i terature .  Ilowever, preliminary information w a s  
f luid device i n  a proposed torpedo control system. 
An investigation w a s  made of various mans of 
simulating pure time-delay for  use with the analog 
canputer. 
comuter c i rcui ts  conposed of operational amplifiers 
(34,35) were found to he adequate for the range of 
in te res t  of t iw-delay and frequency. 
Work is now being done on an analog computer 
s imla t ion  of a control system using f luid devices as 
rate and coune sensors. Gains and other parameters 
w i l l  be adjusted t o  provide the response expected of 
an operational system. Step response and freqllency 
response w i l l  be recorded for values of pure t im- 
delay as given by Bowles Engineering, and s t a b i l i t y  
limits of the parameters w i l l  be predicted. 
gated which w i l l  be used t o  check the resul ts  given 
by the analog canputer. 
associated with these &vices. No general t im-delay Pressure air in place Of sqelfreated steam in fluid power control systems prcanpted t h i s  program i n  the 
development of a steam-to-air energy converter suit- 
able for  use in an mdemater weapon guidance system. 
uni t  capable of delivering 3000 p s i  air  using 500 p s i  
1000'F supply steam. Specific design parameters to 
be kept to mininuan values include size, weight, and 
operating noise. 
suitable existing hardware o r  design. 
advisors further limited the scope of the project t o  
an investigation of the application of the free 
piston concept t o  the problem. An extensive search 
of the l i te ra ture  i n  this area w a s  conducted. 
Little of the previous work &ne on free piston en- 
gines could be applied. 
After surveying various free  piston design con- 
figurations, the mst promising of these configura- 
t ions w a s  selected for  intensive investigation. In 
Fig.26 steam enters the center chamber a t  a constant 
supply pressure and forces the two pistans apart. 
Ihe outward motion of the pistons canpresses the air 
of vortex devices in the 
obtained 111 a letter from BWles Engineering Co.(33) ?his P r o s m  was during the period covered by 
which gave a range of values of t im-delay for  ea& this report* n e  &sign ~ r o ~ o s a l  specified a 15 h ~ *  
Based on the delay values given by Bwles, 
A preliminary l i t e ra ture  search mcovered no 
Project 
A d ig i ta l  computer program is being investi-  
Steam Exhaust Steam Exhaust 
Fig. 26 Schematic Diagran of Free Pistun Configuration 
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r 
in the air chambers and forces it out chea valves, 
On nearing the outer ends of the cylinder, channels 
i n  the cylinder w a l l s  allow steam flcw past  the 
pistons. l he  forces on the pistons are ncw un- 
balanced i n  the opposite direction and the pistons 
slaw t o  a stop and reverse direction of motion. The 
inward motion of the pistons draws additional a i r  
into the air chamber and expands the steam i n  the 
bomce chamber. 
cylinder, the piston allcws the expanded steam to 
exhaust,again reversing the direction of the 101- 
balanced forces and ccmtpleting the cycle. 
lhe study of this design configuration w i l l  in- 
clude necessary calculations t o  optimize the various 
parameters, instrumentation of a single free piston 
laboratory model to provide experimental data for 
confinnation and/or refinement of the theory, and 
analysis of problems relating to  response to load 
disturbances and synchronization of .opposed pis tons. 
w a s  selected to  provide a max im of useful experi- 
mental data, Fig. 27. Maxim steam pressure avail- 
able i n  the laboratory is 250 psia, one half  that  
specified i n  the design proposal. 
have been reduced t o  maintain the original ratios of 
pressures. 
piston motion i n  th i s  unit  w i l l  be about 25 cps. 
On nearing the center of the 
. 
A design for  a single piston laboratory model 
Air l ine  pressures 
I t  is anticipated that  the frequency of 
Steam 
SUP?lY 
Machine shop and assembly drawings for  a l l  parts havt 
ken canpleted and sent  ou t  for competative bids. 
Necessary instrumentation and standard f i t t i ngs  have 
been ordered. 
An electrical analog model has been set up w i t h  
assistance fran the ORL Computer Laboratory personnel, 
and the program has been wired and debugged. 
h r i n g  the next report period the analog solution 
w i l l  be studied i n  detail .  
tory model w i l l  be set  up and operated. k c h  of this 
work w i l l  consti tute a Master's thesis for the Depart- 
ment of Mechanical Engineering. 
done under Exploratory and Foundational support fm 
Penn State 's  Ordnance Research Laboratory. 
I n  addition, the labora- 
'his work is being 
mentioned i n  th i s  report o r  the ac t iv i t i e s  of the 
Systems and Controls Laboratory, inquiries should 
be addressed to: Director, Systems and Controls 
Laboratory, 213 Mechanical Engineering Building, 
T * Load will consist of throt t l ing valve and a heat exchanger 
c 
steam 
Exhaust 
Fig. 27 Schematic of Laboratory Apparatus 
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